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ABSTRACT: Bulk antimony-doped tin oxide aerogels are
prepared by epoxide-initiated sol—gel processing. Tin and
antimony precursors are dissolved in ethanol and water,
respectively, and propylene oxide is added to cause rapid
gelation of the sol, which is then dried supercritically. The
Sb:Sn precursor mole ratio is varied from 0 to 30% to optimize
the material conductivity and absorbance. The materials are
characterized by electron microscopy, transmission electron
microscopy, X-ray diffraction, X-ray photoelectron spectrosco-
py (XPS), nitrogen physisorption analysis, a four-point probe
resistivity measurement, and UV—vis diffuse reflectance
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spectroscopy. The samples possess morphology typical of aerogels without significant change with the amount of doping.
Calcination at 450 °C produces a cassiterite crystal structure in all aerogel samples. Introduction of Sb at 15% in the precursor
(7.6% Sb by XPS) yields a resistivity more than 3 orders of magnitude lower than an undoped SnO, aerogel. Calcination at 800
°C reduces the resistivity by an additional 2 orders of magnitude to 30 2-cm, but results in a significant decrease in surface area

and pore volume.
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1. INTRODUCTION

Tin oxide materials are commonly doped with fluorine (FTO)
or antimony (ATO) or dissolved in indium oxide (ITO) to
make transparent conducting oxides (TCO). The high cost of
indium is disadvantageous for ITO and has led many
researchers to shift attention to low-cost alternatives such as
FTO and ATO. In the former, fluorine atoms replace oxygen
atoms in the lattice, and in the latter, antimony replaces tin, in
either case resulting in a highly doped semiconductor. Under
optimized conditions, TCO materials can exhibit high Hall
mobility, low resistivity, and high transmittance in the visible
range, even from low-temperature synthesis." These properties
make TCOs essential in a wide variety of applications such as
solar energy conversion,' > water splitting,4 optoelectronic
devices,” and gas sensors.’ These have traditionally been
processed as compact films’~'° exhibiting high conductivities.
Although achieving high doping levels in nanoparticles by wet-
chemical synthesis is challenging,11 nanoparticles of FTO' and
ATO"' have been realized from solution. Mesoporous films
of such nanoparticles have been made by block copolymer
templating>~"” or by simple doctor blading.'* Nanoparticle
systems are significantly less conductive than their compact film
counterparts due to grain boundary scattering, which limits
their electron mobilities.” However, the morphologies that such
sols can produce are desirable for applications that require a
high surface area for contact between the TCO'® and another
phase, such as core—shell architectures in nanostructured solar
cells* and water splitting devices."

Aerogels are 3D monolithic structures composed of
networked nanoparticles and exhibit high surface area, high
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porosity, and good particle interconnectivity.”® These are
processed as sol—gels where a catalyst causes the gelation of the
sol, commonly at low temperatures. Acid- and base-catalyzed
formations of silica aerogels have long been widely studied.*"**
More recently, Gash and co-workers developed an epoxide-
initiated sol—gel process used to synthesize iron oxide
aerogels.”® The hydrated metal is deprotonated by the epoxide,
which links it with other hydrated metals via olation and
oxolation to form metal oxide particles. These in turn cross-link
to form a 3D array of particles, i.e., a gel. This sol—gel process
has been used to make other materials such as ZnO** and SnO,
aerogels.” Its main advantage is that the wet gels can be
prepared from many metal salts that are low cost and easy to
handle.

Silica aerogels have been used in dye-sensitized solar cells
(DSCs) as mesoporous templates for TiO,** and ZnO*’
coatings. Given the insulating nature of silica, electrons are
transported by the thin semiconducting shells. A transparent
conducting oxide would be a preferable aerogel material as it
could provide charge collection in addition to the favorable
mesoporous structure. Previously,28 we cast ATO aerogels as
thin films and prepared DSCs by coating the mesoporous
nanostructure with TiO, by atomic layer deposition and
demonstrated improved performance in the presence of an
electron shuttle with fast recombination, indicating advanta-
geous electron collection by the conducting aerogel.
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Here, we report the synthesis and detailed characterization of
TCO aerogels in bulk form by supercritical drying of ATO gels.
We have used the epoxide-assisted method to form gels with
varying concentrations of Sb. We used scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS),
and electrical conductivity measurements (among others) to
study the effects of Sb doping on the morphological, optical,
and electronic properties of SnO, aerogels.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Preparation of Doped and Undoped
Aerogels. All chemicals were purchased from Sigma-Aldrich and were
ACS grade or better. In a typical procedure, SnCl,-SH,0O (0.6 M) is
dissolved in absolute ethanol (or other solvent) and NH,F (7 M,
mostly used at a 1:1 of F:Sn precursor) in water.” The tin solution is
placed in a water bath at 60 °C for S h and the fluoride solution is
added to it dropwise. A white precipitate forms but redissolves after
about 2 h. SbCl; is dissolved in HCI (37%) at 2 M. The antimony is
admixed in the solution at different mole ratios labeled as x% Sb,
where x = [Sb]/[Sn], ranging from 0 to 30%.

In a common procedure, propylene oxide (PPO) is added (in two
aliquots to avoid boiling over the synthesis solution due to rapid heat
generation in the reaction) to the solution in an ice bath at a PPO:Sn
ratio of 11:1.>* The gelation occurs in 150 s after PPO addition, and
the solution changes from a clear sol to a semitransparent white gel.
The reaction is allowed to proceed for 20 min in a capped vial, which
is subsequently filled with ethanol to age for 24 h. The solvent and
byproducts are then washed with acetone three times over 3 days. The
gels are transferred to a custom-built pressure vessel that is filled with
liquid CO,. The acetone is washed out by the liquid CO, over the
course of 3 days and the vessel is heated above the critical point of the
CO, (32 °C, 7.38 MPa). The temperature and pressure are held
constant at about 45 °C and 9 MPa, respectively, for 60 min and then
depressurized over 180 min to room temperature and pressure. The
samples are then calcined at 450 °C in air for 30 min after heating at a
rate of 3 °C/min.

2.2. Characterization. SEM (FEI Quanta FEG250 SEM in high
vacuum mode) was used to study the morphology of the aerogels and
transmission electron microscopy (TEM, FEI Tecnai T12 S operated
at 120 kV accelerating voltage) to study particle shape and size. The
samples were analyzed by XRD using a Bruker D8 Advance X-ray
diffractometer using Cu Ka radiation (4 = 0.154 178 nm) at a scanning
rate of 0.02° s™" in the 20 range from 20° to 60°. The crystallite size of
the SnO, materials was determined by the Scherrer equation®® D =
(0.94)/(B cos 0), where D is the crystallite size, 4 is the X-ray
wavelength, £ is the full width at half-maximum (fwhm), and 6 is half
of the angle of diffraction. Elemental composition was determined by
X-ray photoelectron spectroscopy (XPS) with a PHI 595 multiprobe
system using an aluminum anode system with Ka = 1486.6 eV.
Ground aerogel samples were placed and analyzed on a double-sided
carbon tape. The spectra were corrected for sample charging effects
using the C 1s peak at 284.6 eV. A Micromeritics ASAP 2020
accelerated surface area and porosimetry analyzer was used to
determine the Brunauer—Emmett—Teller (BET) specific surface
area, Barrett—Joyner—Halenda (BJH) pore volume, and size of the
doped and undoped aerogels. The aerogel monolith resistivity (p) was
determined by the common method of four-point probe technique.’"
Tungsten needles were placed atop the monolithic aerogel disks (1.2
cm diameter by 1 cm in height) and room temperature resistance was
obtained from low voltage IV curves (—0.5 to +0.5 V) through the
aerogel structure using the formula p = 2zsF (V/I), where s is the
spacing of the probes (0.6 mm), F is the correction factor dependent
on sample geometry (taken as unity due to the large size of samples
compared to the probe spacing), and V/I was extracted from the probe
measurements. Diffuse reflectance measurements of aerogel powders
diluted 10 times in barium sulfate were made using a Shimadzu UV-
2450 UV—vis spectrometer with an IRS-2200 integrating sphere. Data
were plotted as the Kubelka—Munk transform versus wavelength using
the function F(R) = (1 — R)?/2R, where R is the observed reflectance.

3. RESULTS AND DISCUSSION

3.1. Synthesis. Several solvents were investigated in the
sol—gel process to produce monolithic gels. Table 1 presents

Table 1. Summary of Solvent and NH,F Effect on Solutions
and Gelation of SnO, (0.6M SnCl,, H,0/Sn = 13, PPO/Sn =
11)

precursor clear gel tecl
solvent F:Sn solution  formation  (min)
methanol 0:1 yes yes S0
0.5:1 yes no
1:1 no no
ethanol 0:1 yes yes 12
0.5:1 yes yes 7
1:1 yes yes 2.5
propanol 0:1 yes yes 13
0.5:1 yes yes 2.5
1:1 no no
butanol 0:1 yes yes 13
0.5:1 no no
1:1 no no
acetonitrile 0:1 yes yes 13
0.5:1 no no
1:1 no no
dimethylformamide 0:1 yes yes 20
(DMEF) 0.5:1 no no
1:1 no no

the solvents, the ratio of the F to Sn in the precursor solution,
whether it dissolves and gels, and the time required to gel (tgel).
The tin salt dissolved readily in all solvents when no fluorine
was present. Precipitates were formed as NH,F was added to
the solution, but for samples marked “yes” in the “clear
solution” column in Table 1, the precipitates redissolved after 2
h of stirring in a 60 °C water bath. Up to a F:Sn atom ratio of
1.25:1, ethanol was able to effectively dissolve the salts, but
white precipitates formed above that ratio. Gel formation was
observed for all 0:1 samples, regardless of the solvent. These
yielded translucent gels with an initial firm bounce, but shrank
in the capped vial after 30 min of PPO addition. To avoid the
evaporation of the solvent and prevent the aforementioned
shrinkage, the gel’s original solvent was added to the vial 20
min after the PPO addition and the vial was capped. Ethanol
was selected as the solvent for the remainder of this study based
on its ability to dissolve a wide range of precursor compositions
and result in gel formation.

Fluoride is commonly used as a catalytic agent in silica sol—
gel processing, and affects its gel times’> and physical
properties.*> The addition of F has also been found to decrease
the shrinkage in silica gels and aerogels.”> We found that gels
with no fluorine content tended to shrink during the aging and
supercritical drying (SCD) processes, and show severe
shrinkage after calcination at 450 °C. In contrast, gels with
higher fluorine content experienced little gel shrinkage after
PPO addition during aging, SCD, and calcination. For these
reasons, fluorine-containing gels proved vital to achieving
aerogel monolithic thin films without cracks or delamination

dx.doi.org/10.1021/am505115x | ACS Appl. Mater. Interfaces 2014, 6, 19127—19134



ACS Applied Materials & Interfaces

Research Article

(Figure 1, bottom). However, resistivity was not significantly
changed by the use of NH,F in the reaction. For aerogels made
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Figure 1. Photographs of SnO, cylindrical aerogel monolith (top) and
thin films on glass (bottom) at different Sb/Sn precursor mole ratios
after calcination at 450 °C for 30 min.

with NH,F, XPS analysis revealed only a small F 1s peak in the
calcined samples. Ammonium fluoride therefore had a
significant structural effect on the SnO, aerogel despite a lack
of electronic effect. The effects of fluorine on the gel structure
will be the subject of a future study. The basic approach
selected for the aerogels described in the remainder of this
paper was ethanol-based synthesis of SnO, aerogels with NH,F
included at a F:Sn ratio of 1:1 for the favorable resulting
structure, while antimony was added as a dopant to render the
aerogel electrically conducting. The aerogels were brittle but
could be subjected to contact electrical measurements. They
collapsed due to capillary forces when immersed in liquid, but
we reported previously that thin-film forms of these materials
are robust after coating by atomic layer deposition and can
withstand wetting and drying.*®

Bulk aerogels made as described above exhibited no visible
shrinkage during SCD, although minor shrinkage was noticed
after calcination at 450 °C for 30 min. The addition of Sb had
no visible change in the bulk aerogel appearance except for a
blue-gray color that appeared following calcination in materials
doped with more than 5% Sb (Figure 1, top). Calcination at
800 °C induced further shrinkage of the aerogel monoliths and
the blue color became more intense. This color has been
attributed to the absorbance of electrons in the conduction
band of the semiconductor.>* 3¢ Alternatively, it has been
suggested that Sb>" and Sb>" create impurity levels at or below
the conduction band of the semiconductor, effectively reducing
its bandgap, which results in the blue coloration observed
here.”” The color change has been consistently observed in
different synthetic processes using antimony as a dopant'***3*
and with the introduction of oxygen vacancies.'* The aerogels
were scattering in the bulk form but they were transparent
when made as thin films, as is demonstrated in the bottom part
of Figure 1 and detailed previously.”®

3.2. Structure. SEM images of the undoped (Figure 2a)
and doped (Figure 2b,c,d, respectively) aerogels calcined at 450
°C reveal the open pore structure and good particle
interconnectivity characteristic of aerogel materials. At this
magnification, all samples are qualitatively of the same
morphology regardless of the Sb doping level. However,
some quantitative differences were revealed by more detailed
analyses. The results of nitrogen adsorption/desorption
measurements are shown in Table 2.>° The isotherms (Figure
3, top) were type IV with an H1 hysteresis, as reported for
other SnO, aerogels.25 The pore size distribution (Figure 3,
bottom) showed that the materials are mesoporous, in

Figure 2. SEM images of SnO, aerogels undoped (a) and doped with
5 (b), 10 (c), and 15 (d) % Sb as the precursor Sb/Sn mole ratio.
TEM images of undoped SnO, at different magnifications (e and f).
All samples were calcined at 450 °C.

Table 2. Compositional Analysis and Physical and Electronic
Properties of Doped and Undoped SnO, Aerogels

XPS BET BJH mean

precursor  Sb/ surface  BJH pore pore

calcination Sb/Sn Sn area volume radius

conditions (%) %) (m*g?) (am®g?) (nm)
450 °C, 30 min 0 206 0.93 17
S 3.1 169 0.68 14
10 5.6 143 0.55 14
15 7.6 103 0.42 16
20 12.4 97 0.65 15
30 132 98 0.43 19
800 °C, 6 h 0 14 0.05 13
15 16.2 30 0.11 15
30 21.6 38 0.17 18

agreement with the TEM images (Figure 2e(f), with a
significant fraction of pores near the edge of the microporous
range as has been observed in other metal oxide alerogels.40 The
pore distribution also shows pores in the macro region (up to
about 140 nm), as can be seen in the SEM images (Figure 2).

ATO aerogels calcined at 450 °C exhibited high surface areas
(100—200 m*/g) in the range of other calcined metal oxide
aerogels.””*' However, the addition of the Sb precursor up to
15% consistently decreased the surface areas and pore volumes
of the aerogels. No significant change in BET surface area was
seen from 15 to 30% Sb. Similarly, the pore volume saw no
significant change from 15 to 30% Sb, although it showed an
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Figure 3. Nitrogen adsorption/desorption isotherms for undoped and
15% Sb-doped SnO, aerogels calcined at 450 and 800 °C (top) and
their respective pore size distribution (bottom).

increase at 20%. The average pore radius showed no clear
overall trend with dopant concentration.

Aerogels calcined at 800 °C for 6 h underwent visible
monolith shrinkage and this was reflected in the nitrogen
physisorption analysis (Figure 3). Comparing sintering at 450
°C for 30 min to 800 °C for 6 h, pore volume for undoped and
15% Sb-doped aerogels decreased (Table 2) from 0.93 and 0.42
cm® ¢! to 0.11 and 0.05 cm® g™, respectively. The pore size
distribution showed a pronounced decrease in the mesopore
region with a higher volume of smaller pores (Figure 3,
bottom). The BET surface area for 0 and 15% Sb decreased
from 206 and 103 m* g™" at 450 °C to 14.2 and 29.8 m* g~" at
800 °C, respectively, which is indicative of particle growth and
sintering.42 These results align with those of Davis et al., who
measured a surface area of 39 m*/g and a pore volume of 0.16
cm® g~ for ITO aerogels prepared by an epoxide-initiated
process and calcined at 600 °C.*

XRD patterns of aerogel powders were obtained for undoped
and doped samples (Figure 4, left). All samples matched the
cassiterite pattern (JCPDS No. 41-1445) with (110), (101),
(200), and (211) lattice planes. No peaks representing other
phases were observed, suggesting that the antimony atoms were
accommodated in the SnO, lattice. Undoped materials calcined
at different temperatures were analyzed and found to be
amorphous below 400 °C, with clear peaks emerging at and
above 450 °C (data not shown). The introduction of Sb caused
a broadening of the peaks suggesting a decrease in the particle
size. The aerogels calcined at 800 °C exhibited much sharper
peaks with evident improvement in crystallinity (Figure 4, left).
At 450 °C, the (211) peak overlaps with a neighboring peak,
whereas this phenomenon disappears at 800 °C. The Scherrer
equation was used on the three main peaks of aerogels calcined
at 450 and 800 °C to quantify the effect of doping and
temperature on crystallite size. For samples calcined at the
lower temperature, the (110) and (211) peaks show similar
values: the crystallite size decreased from about 3.6 nm for
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Figure 4. Effect of calcination temperature and Sb doping on crystal
structure with XRD patterns of undoped and doped SnO, aerogels
(left) and crystallite sizes (right) calculated with the Scherrer equation
from the three main peaks, listed by precursor % Sb.

undoped samples to 2.9 nm for 30% Sb (Figure 4, right). The
(101) peak gives the same trend with slightly elevated values. A
negative effect of doping on crystallite size is consistent with
other reports for doped metal oxide nanoparticles with similar
synthetic processes.****™*” Goebbert et al, for example,
reported a similar trend for ATO nanoparticles prepared at
150 °C, where doping reduced the crystallite size from 7 to 3
nm.*® These crystallite sizes are smaller than the particle size of
ca. 10 nm observed by TEM images (Figure 2f), suggesting that
the particles are polycrystalline. Notably, no significant shifts of
peak positions were observed upon doping with Sb, indicating
that the unit cell dimensions were not significantly changed
despite the difference in ionic radius between 6-coordinate Sn**
(0.69 A) and Sb** (0.60 A). Others have reported small or
undetectable peak shifts resulting in minimal changes to unit
cell parameters in Sb-doped SnO, films.*”® This may indicate
that much of the Sb rests at grain boundaries or particle
surfaces with smaller amounts taken into the crystal lattice; this
will be examined in a future study.

Aerogels calcined at 800 °C saw a dramatic increase in the
crystallite size (Figure 4, right). This was especially true for
undoped samples, which yielded crystallites about 30 nm in
size. Interestingly, the effect was not as marked for samples
doped with 15 and 30% Sb, which produced crystallites of 9
and 12 nm, respectively. These results are consistent with the
decrease in surface area of samples calcined at 800 °C (Table
2).
3.3. Sb Analysis. X-ray photoelectron spectroscopy (XPS)
was conducted for aerogel samples with 0, 5, 10, 15, 20, and
30% Sb calcined at 450 °C (Figure Sa,b) and 0, 15, and 30% Sb
calcined at 800 °C (Figure Sc,d) to study the elemental
composition of the aerogel materials and to analyze the
oxidation state of Sn and Sb. Survey scans between binding
energies of 470 and 550 eV were made for all samples, along
with high-resolution spectra (1000 scans) from 525 to 545 eV
for the doped samples. The tin peaks corresponding to 3ds,,
and 3d;/, electrons were found at binding energies of 495 and
488 eV, respectively, confirming the presence of Sn(IV) in the
material regardless of calcination temperature.51 No chlorine,
nitrogen, or fluorine was detected in doped samples, suggesting
that these byproducts had been either washed out in the gel
aging/washing process or volatilized during the calcination step.
Undoped samples showed a small peak for fluorine at both
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Figure 5. XPS spectra of undoped and Sb-doped SnO, and the
respective high resolution spectra of the Sb 3d and O Is peaks with
fitted lines using CasaXPS software for samples calcined at 450 °C (a
and b) and 800 °C (c and d). Each trace is labeled with the precursor
% Sb.

calcination temperatures but no chlorine or nitrogen was
detected.

The high-resolution scans allowed the quantification of Sb
relative to Sn, and the resulting values are included in Table 2.
The 3d;/, peak of Sb at 541 eV was used because the 3d;,, peak
interferes with that of O 1s at a binding energy near 531 eV.
For aerogels calcined at 450 °C, the measurement confirmed
the presence of the dopant and the Sb:Sn ratio was consistently
slightly more than half of its value in the precursor solution.
Such incomplete incorporation of dopants is common in sol—
gel processes.”” Surprisingly, the 800 °C samples had higher
Sb:Sn ratios, close to the precursor values. Because XPS is a
surface-sensitive technique, we attribute this observation to the
migration of antimony atoms toward the surface, as has been
suggested by other reports.’*** Indeed, if many Sb atoms reside
at interior grain boundaries following calcination at 450 °C,
their migration to the surface may be triggered by the
elimination of grain boundaries in the course of particle growth
as the calcination temperature is increased.

It has been widely reported that the conductivity of ATO
materials depends on an excess of Sb(V), which introduces
donor states (electrons), with resg)ect to Sb(III), which
provides acceptor states (holes).'>*> The resistivity of the
material is therefore correlated to the concentration difference
between the two oxidation states. While some reports>>> have
found some conversion of Sb(V) to Sb(III) at high doping
levels, our XPS high-resolution spectra (Figure Sb,d) showed
that only Sb(V) was present, with the exception of a small
amount of Sb(III) found in 30% Sb samples calcined at 800 °C.
The 3d;/, Sb peaks of all but one sample are found at 540.5 eV,
which is attributed to Sb(V).>**” For the 30% Sb sample
calcined at 800 °C, two 3d;,, Sb peaks were observed at 540.7
and 539.4 eV, corresponding with values found elsewhere for
Sb (V) and Sb(1II), respectively.***® An X-ray absorption finite
structure (XANES) measurement study36 found that Sb(III) is
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more prevalent for materials using Sb(III) in the precursor,
with lower Sb(III) found when using Sb(V) in the precursor
solution. This trend disappears and Sb(III) detected increases
when the material is calcined at high temperatures, similar to
our findings. These results support the supposition that the
consistent decrease in resistivity is due to the additional
electrons from Sb(V) in the conduction band. The
deconvoluted O 1s curve exhibits two fitted peaks at about
533 and 531 eV, which suggests there are two oxygen types.
The O 1s peak at 531 eV corresponds to the lattice oxygen
atoms in Sn0,,°”% and the one at 533 eV to water and
hydroxyl groups not part of the SnO, crystal structure.’’~*
3.4. Electrical Properties. Electronic properties of bulk
aerogels calcined at 450 °C for 30 min in air without any
further treatment were characterized using four-point probe
measurements. To the best of our knowledge, this is the first
time such conductivity measurements have been made on
uncompressed, nanoparticulate materials without a modifica-
tion to the bulk structure, such as those made via the use of
block copolgrmer methods to cast as films'® or by pellitization of
powders.”*#4%6577 The networked structure of intercon-
nected particles inherent to aerogels allowed current—voltage
(I-V) measurements that are not feasible for powders that
have not been pelletized. Figure 6 (top) summarizes the
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Figure 6. Resistivity plot of monolithic aerogel disks and pellets as a
function of Sb precursor concentration and temperature (top) and
Kubelka—Munk transform of UV—vis diffuse reflectance of doped and
undoped SnO, calcined at 450 °C with an expanded view of the visible
region in the inset (bottom).

resistivity of ATO monolithic aerogels at different doping
concentrations calcined at 450 °C. The undoped samples
exhibited a high resistivity of p = 4 X 10° Q-cm, which then
dropped consistently to reach a minimum of p = 1.1 X 10° Q-
cm at 15% Sb and then increased slightly at 20 and 30% Sb and
more significantly at 40% Sb (based on the precursor Sb
fraction). Comparable resistivities on the order of 10° Q-cm®®
and 10> Q-cm* have been reported for pelletized ITO
materials calcined at 400 and 600 °C, respectively.
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Measurements were also performed for aerogel monoliths
containing 0, 5, 15, 20, and 30% Sb and calcined at 800 °C for 6
h. The results show a further 2-order-of-magnitude decrease in
resistivity to 14 Q-cm for the 20% Sb samples, and 1 order of
magnitude increase to about 2 X 10° Q-cm for the undoped
samples (Figure 6, top). These results yield a 7-order-of-
magnitude decrease in resistivity with 20% Sb doping. The
reduction of the resistivity of these materials by high-
temperature calcination can be explained by the increase in
crystallite size from 3 to 9 nm (for the 15% Sb sample, for
instance) and particle sintering, and the burning off of some
carbon species left over from the synthesis process. These
results are consistent with those reported by Niitz et al. with
pelletized ATO nanoparticle (7 nm) materials calcined at 900
°C that exhibited resistivities of about 10 Q-cm.*® Calcination
of the undoped SnO, aerogel at 800 °C greatly increased its
crystallite size to 30 nmj it is unclear why its resistivity is not
reduced as is that of the 15% Sb samples.

To compare the resistivities of the aerogels with those in the
literature, we measured resistivities of pelletized undoped and
15% Sb-doped SnO, aerogels calcined at 800 °C for 6 h (Figure
6 top, triangles). Pelletization reduced the measured resistivities
by about 1 order of magnitude compared to bulk aerogel
samples, with the pelletized 15% Sb-doped sample reaching a
resistivity as low as 3 Q-cm. This is not surprising because the
reduction of pore space and the increase of contact area
between particles should decrease resistivity.

Compact ATO films have been reported to possess several
orders of magnitude lower resistivity than these porous
materials.”” This can be explained by the nature of nano-
particulate grain boundary electron scattering,” which decreases
electron mobility in the nanoparticle array. For crystallite sizes
in the range of 3—4 nm, the number of grain boundaries is very
large. Calcining the aerogel samples at 450 °C yielded both
decreased resistivity and minimal shrinkage of the aerogel
structure, both important properties for applications including
making conducting thin films of aerogels without cracking or
delamination.

3.5. Optical Properties. The optical absorbance for aerogel
samples calcined at 450 °C was characterized by diffuse
reflectance spectroscopy (Figure 6, bottom). It was found that
undoped aerogels have negligible Kubelka—Munk absorbance
in the visible range. With increased Sb content, the absorbance
increased but overall remained low. The doped aerogels
absorbed more in the longer wavelengths, resulting in the
blue coloration of materials in Figure 1 (top). This trend is
similar to those seen in reports of doped SnO, materials.” Our
optical data do not indicate a significant shift in the bandgap
due to Sb doping. The net effect of heavy doping can be small,
as the Burnstein—Moss effect is offset by band tailing and other
interactions.”® For example, Benrabah et al.”! measured a shift
of less than 0.1 eV for Sb doping up to 10%.

4. CONCLUSIONS

Antimony doped tin oxide aerogels have been synthesized and
characterized based on facile epoxide-assisted synthetic
processing. In our sol—gel procedure, the addition of NH,F
to the precursor solution did not result in significant
incorporation of F or reduction of resistivity, but it significantly
reduced aerogel shrinkage during calcination. The use of SbCly
together with NH,F resulted in Sb incorporation and a 3.5-
order-of-magnitude reduction in resistivity to 1.1 X 10°> Q-cm
for samples calcined at 450 °C at the optimal Sb:Sn precursor

ratio of 15%. The Sb-doped materials exhibited low visible light
absorbance. Calcining at 800 °C for 6 h yielded a further 2
orders of magnitude decrease in the monolithic aerogel
resistivity to 30 Q-cm, partly due to increased crystallite size.
However, a trade-off exists as materials calcined at this
temperature also yield low surface area and pore volume,
which are desirable properties of aerogels. Sb-doped materials
calcined at 450 °C yield a balance of increased conductivity and
morphological traits typical of aerogels. The high surface area
and open pore structure of these materials, along with their
high conductivity and low absorbance, make them well suited
to optoelectronic applications.
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